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Abstract
The engineered addition of hexa-histidine sequences to biomolecules such as antibody fragments has been found to be
an excellent means of purifying these materials. This tagging methodology has also been extended to its use as a tool
for immobilization and orientation of antibodies on transducer surfaces. Polyvinyl sulfonate-doped polyanilne (PANI/
PVS) can be used as a mediator in amperometric biosensors. This short communication looks at the effect of nickel
chelate materials and nickel chelation on this conducting polymer and evaluates it as a potential surface for the
immobilization of his-tagged biomolecules. N-nitrilotriacetic acid (NTA) was doped into the electropolymerized
PANI/PVS at a screen-printed carbon paste electrode. The resulting NTA-PANI/PVS film was shown to have
comparable electrochemical properties of polymer without the chelating agent. When Ni2þ was applied to the
electrode, the incorporated NTA was found to efficiently chelate the metal ions at the electrode surface.
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Conducting polymers have found widespread application in
electrochemical biosensors as they remove the need for
troublesome soluble electron transfer mediators and can
also be used for the immobilization of biological macro-
molecules such as enzymes [1] and antibodies [2]. Several
modes of deposition have been explored such as chemi- and
physisorption, electrostatic interaction, incorporation into
the electropolymerized polymer film and covalent attach-
ment [3 – 5]. Electropolymerization of antibodies into a
polymer network is not desirable due to the effect this has on
the diffusionof largemolecularweight species to the antigen
binding site. It is also not possible to polymerize proteins
into conducting films of polyaniline due to the low pH
required to perform synthesis. The other techniques either
lack stability, reproducibility or result in reduction of the
activity of the biomolecule and can be troublesome to
perform. Further, these methods do not allow for surface
regeneration or for any form of protein orientation, result-
ing in a population of biomolecules remaining inactive. It
has been estimated that sensor efficiency can be reduced 10-
fold due to the random immobilization of antibody at an
electrode surface [6], much of which is undoubtedly due to
misorientation, leading to steric inaccessibility of antigen
binding sites.
In the recent past, the N-nitrilotriacetic acid (NTA)/His-
tag system has become a powerful and extremely popular
tool in the biosciences for the one-step isolation and
purification of gene products [7, 8]. The tetradentate ligand
NTA forms a hexagonal complex with divalent metal ions
(Me2þ) such as Ni2þ, Co2þ, Cu2þ, or Zn2þ occupying four of
the six binding sites in the complex. The remaining two
binding sites are accessible to electron donor groups. In the
case of proteins, these electron donor groups are the side
chains of amino acids such as the imidazole rings present on
histidine residues (Fig. 1). The orientation of the side chain
is important such that it can fit the sphere of the Me2þ-NTA
complex.
The principle of attaching a protein to the complex has
been made generally applicable for protein purification by
Fig. 1. Interaction of two histidine residues with Ni2þ-NTA.
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introducing a short stretch of five or six histidines at defined
positions in the protein, creating so-calledHis-tagged fusion
proteins [9]. The His-tag has enough flexibility to bind to
both unoccupied sites of theMe2þ-NTA complex synergisti-
cally. The 2 :1 histidine:Me2þ-NTA stoichiometry creates a
stable immobilization so that the protein can be affinity
purified. On the other hand, the stability of a 1 :1 histidine:
Me2þ-NTA complex is too small for stable complex for-
mation. Therefore, nonspecific binding of proteinswithout a
His-tag is normally not observed. In addition, adsorbed
proteins can be easily desorbed by the addition of a suitable
chelate such as ethylenediamine tetraacetic acid (EDTA)or
a competitor such as imidazole, or by acidification.
Ni2þ-NTAhas been used as the basis of protein deposition
at gold and graphite surfaces using self-assembled mono-
layers for applications in both optical and electrochemical
immunosensors [10, 11]. Some researchers have tried to
directly exploit the targeted interaction of amino acids with
conducting polymers such as polyaniline. Both cysteine [12]
andhistidine [13] residues have been the target as it has been
suggested that these amino acids can attack the polyaniline
backbone through nucleophilic action [14]. However, it is
not clear how much improvement is gained over non-
targeted interactions with the polymer using these methods.
Recently,Haddour et al. [15] published amethod describ-
ing the covalent modification of pyrrole with anNTA ligand
and its subsequent incorporation into an electropolymer-
ized film,with copper chelation and attachment of histidine-
tagged glucose oxidase. The approach taken in the present
work was to investigate the possibility of doping a growing
electropolymerized polyaniline/PVS film with NTA to
demonstrate whether the NTA would become effectively
incorporated into the film, demonstrate whether this film
was capable of coordination of Ni2þ ions and establish if this
process would impact negatively on the electrochemical
behavior of the conducting polymer film. Immobilization in
this way would have several advantages over other tech-
niques. The proteins would be orientated at the electrode
surface, potentially allowing full activity of the entire
protein population. The proteins would also remain in their
native state and not be damaged by covalent interactions.
The surface of the electrode could potentially be efficiently
regenerated and, it is hoped, that this method would yield
greater levels of reproducibility over other immobilization
techniques previously applied.
If incorporation of NTA into the PANI/PVS polymer was
to be successful, it was essential to ensure that it did not
degrade the electrochemical properties of the polymer. To
this end, 1 ml of 20% (w/v) NTAwasmixed with the aniline/
PVS polymerization solution (2% w/v). The numbers of
voltammetric cycles performed in PANI/PVS and NTA-
PANI/PVS was varied (Fig. 2). It was seen that when
polymerization was performed solely in NTA-PANI/PVS
(14 cycles), the anodic and cathodic peak currents typical of
polyaniline were significantly reduced in magnitude, illus-
trating a deleterious effect on the growth of the polymer.
However, when ten cycles were performed in PANI/PVS
and four in NTA-PANI/PVS, the voltammogram was
comparable with 14 cycles in PANI/PVS alone. Thus, by
only polymerizing NTA into the upper layers of the
polymer, no significant reduction in the redox properties
of the polymer was introduced.
Following this, the quantity of NTA used for polymer-
ization was also optimized (Fig. 3). Concentrations of NTA
up to 0.6% (w/v) had a positive effect on the anodic peak
potential at approx. 300 mV (the oxidation peak corre-
sponding to the conversion of emeraldine to the leucoemer-
aldine cation radical). Above this concentration, however,
peak potentials diminished significantly. Once again, this
appears to indicate that high NTA levels interfered with the
polymerization of the aniline. Therefore, 0.6% (w/v) NTA-
PANI/PVS for four voltammetric cycles following applica-
tion of ten cycles in PANI/PVS was considered optimal to
maximize the level of NTA in the polymer film whilst also
maintaining the electrochemical properties of the polymer.
Haddour et al. [15] used a covalent synthetic approach to
introduce NTA moieties into the pyrrole monomer. Sub-
sequent cyclic voltammetric studies found a film with good
conductive and electrochemical properties. However, the
oxidation potential of the pyrrole monomer was increased
by at least 100 mV (vs. Ag/Agþ), presumably as a conse-
quence of the covalent modification. No negative impact on
the electrochemical properties of the polyaniline/PVS film
was seen as a consequence of the noncovalent doping of the
NTA during electropolymerization. On the contrary, when
NTA was introduced into the upper layers of the polymer
film, the layer showed enhanced electrochemical properties
with higher peak potentials for an equivalent number of
voltammetric cycles.
Fig. 2. Polymerization of a) aniline/PVS for 14 voltammetric
cycles, b) aniline/PVS with 2% (w/v) NTA for 14 voltammetric
cycles and c) aniline/PVS for 10 cycles followed by aniline/PVS
with 2% (w/v) NTA for 4 cycles. All cyclic voltammetry was
performed in 1 M HCl. Cycling was between 500 and 1100 mV
(vs. Ag/AgCl) at 100 mV/s. Complete polymerization of the
monomer in the presence of NTA resulted in the significantly
reduced growth of the polymer. Incorporation of the NTA for the
final 4 cycles, however, resulted in comparable polymer films than
those produced in the absence of NTA.
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EDX analysis was performed on electrodes that had been
modified with and without NTA and had been incubated in
0.5 M NiSO4 solution for 30 min (Fig. 4). In the absence of
NTA, only trace quantities of nickel could be detected.
However, NTA-modified electrodes showed distinct quan-
tities of nickel at the electrode surface at 7.4 and 8.3 keV,
accounting for approximately 10% of the electrode surface
coverage. The EDX also showed qualitative changes in the
electrode surface, with reductions in chloride content.
The incubation period for nickel deposition was inves-
tigated further and analyzed for samples up to 2 h (Fig. 5). It
was clear that at 15 min, only 2% of the electrode surface
was occupied bynickel.However, this had risen to 10%after
30 min and stabilized at 11% at 1 and 2 h. Thus, it was
reasonable to assume that, under the conditions employed,
30 min incubation was adequate to bring about complete
binding of the available NTA sites with nickel and this
format was used for experiments featuring protein immobi-
lization.
Haddour et al. [15] clearly demonstrated that Cu2þ ions
could become chelated throughout the polymer film.
However, it is not clear how accessible these coordination
sites would be to a large macromolecule such as a histidine-
tagged protein. The performance of these films may be
further enhanced by a two stage polymerization with only
theNTA-modified component being introduced at the latter
stages of the electrochemical synthesis to confine NTA to
the upper layers of the polymer and minimize any impact it
may have on the polymer properties.
As has been stated, the system of metal chelate affinity
chromatography has been found to be an excellent method
for the purification of recombinant proteins and many have
started to consider this technique to enhance protein
immobilization on electrode surfaces, conferring improved
orientation, ease of immobilization and improved regener-
ation. An NTA-based conducting polymer electrode plat-
form could incorporate these distinctive benefits. One
Fig. 3. Effect of NTA concentration on the anodic peak current
of the emeraldine/leucoemeraldine cation radical transition.
Anodic current peaked at 0.6% (w/v) NTA and decreased above
this value.
Fig. 4. Energy dispersive X-ray analysis of a) PANI/PVS and b)
NTA-PANI/PVS electrodes following incubation for 30 min in
0.5 M NiSO4. Only trace quantities of Ni
2þ could be detected on
the PANI/PVS electrode, whereas 10% Ni2þ coverage was
observed in the presence of 0.6% (w/v) NTA.
Fig. 5. The effect of incubation time of NTA-PANI/PVS electro-
des in 0.5 M NiSO4 on the elemental composition as derived by
energy dispersive X-ray analysis. The pie charts show that at
15 min (a) only 2% Ni2þ was present on the electrode. This
increased to 10% at 30 min (b), and 11% at 1 h and 2 h (c and d).
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significant issue, however, is the requirement for electro-
polymerization of the polymer film. This is a time-consum-
ing process that can fabricate only small numbers of
electrodes. Although this methodology may be applicable
to laboratory applications, it would be unsuitable for any
mass-production process. In this case, incorporation into
alternative strategies such as chemically polymerized films
[17] or nanoparticle-based materials [18] might prove a
more suitable alternative.
Modification of the conducting polymer PANI/PVS with
the metal chelate NTA resulted in a sensor platform with
comparable electrochemical characteristics as the unmodi-
fied form. The electrode was capable of complexing nickel
ions with no reduction in the performance of the polymer
film.This platformcould be used for further evaluation as an
immobilization platform for his-tagged proteins and anti-
bodies.
Experimental
Aniline (13,293-4) (vacuum distilled and stored frozen
under nitrogen), polyvinylsulfonate (PVS, 27,842-4), and
nitrilotriacetic acid disodium salt (NTA),were all purchased
from Sigma-Aldrich (Poole, Dorset, UK). Ethylenediamine
tetraacetic acid disodium salt (EDTA) was purchased from
Riedel de Haen (Seelze-Hannover, Germany) Carbon ink
(C10903D14) was purchased from Gwent Electronic Mate-
rials (Gwent, UK)). Silver (Electrodag PF-410) and insu-
lation (Electrodag 452 SSBLUE) inkswere purchased from
Acheson (Plymouth, UK). Poly(ethylene) terephthalate
substrates (175 mm) were obtained from HiFi Films Ltd
(Dublin, Ireland)All water was ultrapure standard (18 MW/
cm).
All electrochemical measurements were carried out
either in 1 M HCl or phosphate buffered saline (PBS,
0.1 M Na2HPO4, 0.1 M KH2PO4, 0.137 M NaCl, 2.7 mM
KCl, pH 6.8).
All electrochemical protocols were performed on a CH
Instruments CH1000 potentiostat with CH1000 software (IJ
Cambria, Wales), using either cyclic voltammetry or time-
based amperometric modes either in a traditional batch cell
or a thin-layer flow cell. The thin layer electrochemical flow
cell was constructed as previously described [2]. The thin
layer cell possessed a platinum wire counter and Ag/AgCl
pseudoreference electrode. The cell was 175 mm in depth
with an area of 27 mL.
Energy dispersive X-ray (EDX) analysis was carried out
with an Oxford Instruments EDX system (Oxford Instru-
ments Analytical Ltd., Bucks., England) with LINK ISIS
software and SiLi detector.
Screen-printed electrodes (total size 21 mm 14 mm,
electrode area 7.07 mm2) were fabricated on a DEK 248
(DEK, Weymouth, Dorset, England) screen printing ma-
chine as previously described [18]. Each electrode was
cleaned by performing a single cyclic voltammetric cycle in
0.2 MH2SO4 between1200 and 1500 mV (vs. Ag/AgCl) at
100 mV/s.
For the polymerization of aniline/polyvinylsulfonate, a
mixture of 7.8 mL 1 M HCl, 186 mL aniline and 2 ml PVS
was stirred and degassed under nitrogen for 10 min and
maintained under a stream of nitrogen. Aniline was poly-
merized onto the surface of the screen-printed electrodes
using cyclic voltammetry. A platinum mesh auxiliary and a
Ag/AgCl reference electrode were used. A number of
voltammetric cycles were performed between 500 and
1100 mV (vs. Ag/AgCl) at 100 mV/s.
For addition of N-nitrilotriacetic acid to the PANI/PVS
electrode, additional solutions, similar to those described
above were prepared with the addition of 20% (w/v) NTA
solution. The volumes of 20% (w/v) NTA added to the
polymerization solution were between 0 and 1.5 mL (0 to
3% w/v). The polymer-deposited electrodes were then
subjected to further rounds of polymerization under the
same conditions as already described in Section 2.6.2.
For chelation ofNi2þon to theNTA-PANI/PVSelectrode,
the working electrodes were thenwashed in ultrapure water
and immersed in a solution of 0.5 M NiSO4 · 6 H2O. The
electrodeswere againwashedwith ultrapurewater. Electro-
des were either examined by EDX analysis or used for
protein immobilization.
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